The synthetic actin network demands great interest as bio-material due to its soft and wet nature that mimic many biological scaffolding structures. The study of these structures can contribute to a better understanding of this new micro/nano technology and the cytoskeleton like structural building blocks. Inside the cell the actin network is regulated by tens of actin-binding proteins (ABP's), which makes for a highly complex system with several emergent behavior. In particular Calponin is an ABP that was identified as an actin stabiliser, but its mechanism is poorly understood. Recent experiments using an in vitro model system of cross-linked actin with Calponin and large deformation bulk rheology, found that networks with basic calponin exhibited a delayed onset and were able to withstand a higher maximal strain before softening.
Introduction
Actin network is one of the most relevant structural component inside cytoskeleton of eukaryotic cells, this have a highly dynamic mechanical properties in the cell. Its dynamics is essential to many process, such as cell adhesion, mechanosensing and mechanotransduction, motility, and cell shape among others. At the same time the development of actin based biomimetic systems at micro and nano-scale demand a deep understanding of their mechanical properties at large deformation where the non-linear mechanics effect encode effects that allow the tuning of unexpected effects (Schmoller et al., 2010; Schmoller and Bausch, 2013; López-Menéndez and Rodríguez, 2016) .
In the cell, the dynamics and mechanics of the actin cytoskeleton are regulated by upward sixty known actin-binding proteins (ABPs) defining different levels with emergents behaviour with strong implications in physiological and pathological conditions. In particular the Calponin ABP was discovered in smooth muscle cells and was studied as possible regulator of actomyosin interaction (Winder and Walsh, 1990) . Non-muscle calponin are known to be involved in actin stabilisation, stressfibres formation and increase the tensile strength of the tissue under strain among others effect (Jensen et al., 2012) . Despite the growing evidence on the role performed by Calponin as a structural stabilisers the underlying micro-mechanics still unknown.
To study the mechanical effect developed by Calponin over the actin structure Jensen et al. (2014) studied an in-vitro Factin network crosslinked with Calponin to gain insights about its mechanical properties using large deformation rheology. They found that the networks with Calponin are able to reach a higher failure stress and strain while reducing the pre-strain of the network. Calponin delays the onset of network stiffening, something observed in polymer networks with increased flexibility. They also observed that the micro-structural origin of these behavior was related to the decrease on the persistence length at single filament level.
In order to explain the observed effect reported by Jensen et al. (2014) we develop a mathematical model within the framework of continuum mechanics. In this model, we introduce the hypothesis by which the difference between the two networks, with and without Calponin, is interpreted as a alterations in the pre-strain developed by the network entanglement and the regulation of the crosslinks adhesion energy. As a consequence, when the network have a higher internal pre-strain their crosslinks are also near the fluidisation transition.
According to the observed stress-strain relationship at the concentrations of cross-linkers and actin used in the experiment, it can be assumed continuum strain, with elasticity originating from the entropic nature of the individual polymers (Jensen et al., 2014; Shin et al., 2004) . In the first part of this work we describe the mechanics of actin networks with rigid crosslinks, using the wormlike chain model in the form proposed by Mackintosh et al. (1995) and further developed by Palmer and Boyce (2008) , whereas the network is described using an homogenized continuum framework based on the eight chain network (Arruda and Boyce, 1993; Bertoldi and Boyce, 2007; Palmer and Boyce, 2008; Brown et al., 2009; López-Menéndez and Rodríguez, 2016) . Afterwards, we introduce the inelastic effect driven by the crosslinks as alterations in the contour length of the F-actin network. To define the phenomenological law that drives the changes in the contour length, we propose a simple model for the gelation process of the network based on the interactions between the entanglement and adhesion energy of crosslinkers. Finally we compare with experimental measurements performed by Jensen et al. (2014) 1. Mechanics F-actin network with weak crosslinks
Let Ω 0 be a fixed reference configuration of the continuos body of interest (assumed to be stress free). We use the notation χ : Ω 0 → R 3 for the deformation, which transforms a typical material point X ∈ Ω 0 to a position x = χ(X) ∈ Ω in the deformed configuration. Further, let F(X) = ∂χ(X) ∂X be the deformation gradient and J(X) = det F(X) > 0 the local volume ratio. Consider a multiplicative split of F into spherical (dilatational) part, F V = (J 1/3 I) and a uni-modular (distortional) part F. Note that detF = 1.
We use the right and left Cauchy-Green tensors denoted by C and b, respectively, and their modified counterparts associated withF,C andb, respectively. Hence,
The mechanical behavior of the F-actin cross-linked network is modelled by means of a strain energy function (SEF) based on the wormlike chain model for semi-flexible filaments. This model, proposed firstly by Mackintosh et al. (1995) and later in a polynomial and homogenised form by Palmer and Boyce (2008) , is defined in terms of four physical parameters related to the network architecture and network deformation (see Figure 1) : i) The contour length, L c ; ii) The persistence length, l p ; iii) The end-to-end length at zero deformation, r 0 , associated with the network prestress (Palmer and Boyce, 2008) ; and iv) The macroscopic network stretch from the condition of zero force, λ := Ī 1 /3.
with where r := r 0 λ = r 0 Ī 1 /3 is the filament end-to-end distance,Ī 1 the first invariant ofC. Using standard procedures from Continuum Mechanics, the Cauchy stress, σ, can be derived from direct differentiation of Eq. 5 with respect to C
where p = dU/dJ is a constitutive relation for the dilatational part of σ. For a simple shear test, λ = 1 + γ 2 /3, and the stress-strain relation results
As mentioned previously, in vivo or in vitro actin networks experience prestress during network formation and remodelling due to the entanglement and the formation and disruption of crosslinks. In order to account for these effects, we introduce a passive prestress, in the network model, through the parameter r 0
where > 0 is a dimensionless parameter associated with the passive prestress. The network is buildup by the interaction between the actin filaments and the crosslinkers. The nature of this interaction defines the mechanical properties of the structure. If these interactions are stable (for the stress and the time scales of the experiments), they provide a strong gelation process and the meshwork shows a solid-like behaviour under deformation. If on the contrary, the crosslinks are not completely stable, but they are associated with a reaction that can proceed in both directions, folding/unfolding or flexible/rigid states of the crosslink, we then speak of a weak gelation process with the meshwork showing a fluid-like behaviour without manifesting a complete unbinding. Clearly if the level of deformation exerted over the crosslink exceeds a given threshold it will break irreversibly.
These effects are account within the model via the contour length, L c . We propose the following expression for L c
where P u f defines the unfolding probability encompassing the states of unfolding or flexible cross-link (see bellow), L min c represents the contour length when P u f = 0, and δL c represents the average increment of the contour length when the unbinding probability is one. Chemical crosslinks can be modelled as a reversible two-state equilibrium process (Brown et al., 2009; Purohit et al., 2011) :
where P f the binding probability encompassing the states folding or rigid cross-link. Since only these two states are possible, then P u f + P f = 1. The two-state model has the folded state as the preferred low free energy equilibrium state at zero force and the unfolded state as the high free energy equilibrium state at zero force. ∆G 0 represents the difference in the free-energy between these states, w ext represents the external mechanical work that induce the deformation of the crosslink, and k B T represents the thermal energy.
As we are only able to measure macroscopic quantities as stress and strain and we aim to develop a constitutive model in the mesoscale, we propose the next phenomenological expression, using the previous expression as motivation:
where the main driving force is λ, the average stretch over the bundle. In order to simplify the mathematical treatment, we consider κλ 0 to be proportional to the free adhesion energy ∆G 0 .
Parameter κ gives us an idea of the sharpness of the transition between states and λ 0 is the strain at which the probability of unbinding transition is 0.5. If λ 0 << λ , the network is easy to be remodelled showing a more fluid-like behavior. On the contrary, if λ 0 >> λ, the crosslink is more stable and the probability of transition is low. Consequently the network behaves as a solid-like structure. The model of F-actin network with weak crosslinks subjected to simple shear can be summarized as follows:
.
In order to describe qualitatively the behaviour of the coupled set of equations under alterations in the pre-strain and the adhesion energy of the crosslinks we evaluate them in the regime of semi-flexible response i.e L c ∝ l p . Figure 2 .a describes the effect of an increment on the pre-strain (1+ ) on network response, with the remaining parameters kept constant. As can be observed, as the pre-strain increases, the network stiffness increases and is able to reach a higher level of stress (higher yield point). However, the yielding point (fluidization of the network) occurs earlier reducing the solid-like regime of the network. Figure 2 .b shows the response of the network for different values of λ 0 . Contrary to the pre-strain, as λ 0 increases the initial stiffness of the network remains unaltered while the yielding stress and strain increase, extending the solid-like regime. This implies that as λ 0 increases the crosslinks become more stable.
Results
The proposed theory is used to describe the experiments conducted by Jensen et al. (2014) on the artificially reconstituted F-actin networks crosslinked with filamin, where the network has an actin decorated with and without Calponin. We evaluate the proposed model for the set of parameters shown in Table 1 identified by means of nonlinear least-square fit to experiments of monotonic large deformation stress-strain shear tests from Jensen et al. (2014) .
The parameters of the model shown in Table 1 can be divided in two types: (i) Rigid-wormlike chain parameters L min c , l p , δL c and which are of the order of magnitude of the values used to describe in experiments of in-vitro F-actin networks and to keep on the regime the regime of semi-flexible entropic elasticity. (ii) Parameters associated with the dynamics of the crosslinks κ and λ 0 . These parameters encode the transitions to induce fluidisation of the network and represent an indirect measure of the adhesion force of crosslinks. While λ 0 describes the transition point in the contour length of the network meshsize (average distance between crosslinks), κ describes the sharpness of this transition. These values are phenomenological and were identified in order to fit the experimental data.
We compared the results obtained by the model with the average curve of monotonic simple shear at a constant shear strain rate. The network stiffening response begins at low levels of strain and continues almost linearly until reaching a maximum critical shear stress. After that point, the response change towards a regime of stress-strain softening where the stress decreases slowly towards zero as the shear strain increases, and the structure flows.
For low levels of Calponin the networks present a higher level of pre-strain as noted by the higher slope at low level of deformation, which can also can be observed in the Figure  3 .c as a larger value of K ≈ dσ dγ . For low levels of Calponin strain stiffening occurs until γ max ≈ 0.4, with a maximum stress τ max ≈ 2Pa (see Figure 3 .a). On the contrary, for higher levels of Calponin, the response shows a lower level of pre-strain (lower initial stiffness), but the yielding point occurs at a larger deformation γ max ≈ 0.55 and higher stress τ max ≈ 4Pa (experimental values between 3 and 6 Pa) as shown in Figure 3 .a, indicating that Calponin extends the solid-like behaviour of the network. This is a remarkable result with respect to pure Factine networks for which a lower level of pres-train increases the solid-like regime, but reduces the yield stress significantly. Figure 3 .b shows the scaled stress-strain curve with respect to the yield point. This figure demonstrates the ability of the model to describe the nonlinear effects.
Discussion and Conclusions
In order to explain the effects of Calponin in stabilisation of the crosslinked F-actin networks our propose that the observed effect which promotes by modification in the flexural rigidity, and as a consequence the persistence length, at single filament will integrate at network scale as a change in the internal prestress and the adhesion energy over the crosslinks. We condense these observations in the Figure 4 . During the gelation process, the network entanglement induces pre-stress across the network which is propagated through the bundles to the chemical crosslinks (Lieleg et al., 2009 (Lieleg et al., , 2011 . The trapped stress in the structure is compensated by the deformation of the bundle and the chemical crosslinks. As a consequence, it is potentially able to induce conformational changes over the crosslink structure, as was described by Golji et al. (2009) . The red and black dots in Figure 4 describe the effect of the pre-stress on the energy landscape of the chemical crosslinks. Qualitatively, results easy to see that the energy gap is lower under the presence of pre-stress on the crosslink, where the adhesion energy increases, changing from ∆G to ∆G 0 , with ∆G 0 > ∆G . This can be understood as a combined action of two mechanical regulation pathways over the bonds reaction, where: i) w ext represents the mechanical work induced by the macroscopic deformation that propagates through the network down to the crosslink. ii) w ts represents the mechanical work introduced during the entanglement also deforms the crosslink structure. On one side, without Calponin the bundles are less flexible, and therefore network deformation will deform more the crosslink, which in terms of the energy landscape, it appears as tilted down (se Figure 4) , and therefore facilitates the conformational change from the folded configuration to the unfolded configuration. Under the perspective of the proposed model, it Table 1 : Model parameters to fit the experiments of Jensen et al. (2014) implies that λ 0 is shifted to the left, and the pre-strain (1 + ) is higher. Therefore, the network is closer to the fluidisation transition and the maximum stress (yield stress) is reduced. On the contrary, if the concentration of calponin is higher, the bundle flexibility increases and persistence length decrease implying that the effects associated with trapped stress will be more concentrated on the bundle deformation than on the crosslinks. In consequence the adhesion energy of the crosslink is higher (more difficult to jump from the folded to the unfolded configuration) and the level of shear deformation that the network is able to achieve before the solid-fluid transition results also is also higher. In summary, the proposed model provides arguments to describe the changes observed in the flexibility of the actin bundles encoded the effects at network scale that drives the increment of adhesion and the whole stabilisation of the structure. This will help to gain better understanding in the complex mechanics behind of the cytoskeleton-like structural building blocks and synthetic bio-structures.
